Living cells use cell surface proteins, such as mechanosensors, to constantly sense and respond to their environment. However, the way in which these proteins respond to mechanical stimuli and assemble into large complexes remains poorly understood at the molecular level. In the past years, atomic force microscopy (AFM) has revolutionized the way in which biologists analyze cell surface proteins to molecular resolution. In this Commentary, we discuss how the powerful set of advanced AFM techniques (e.g. live-cell imaging and single-molecule manipulation) can be integrated with the modern tools of molecular genetics (i.e. protein design) to study the localization and molecular elasticity of individual mechanosensors on the surface of living cells. Although we emphasize recent studies on cell surface proteins from yeasts, the techniques described are applicable to surface proteins from virtually all organisms, from bacteria to human cells.
Introduction
Proteins located on the cell surface have pivotal roles in adhesion, sensing of the environment, signaling, communication, transport, energy transformation, embryonic and tissue development, tumour metastasis and microbial infection (Sheetz, 2001; Discher et al., 2005; Vogel and Sheetz, 2006; Lecuit and Lenne, 2007) . These complex functions rely on the assembly and interactions of specific proteins, including mechanosensors and cell adhesion molecules. Whereas much is known about the molecular biology of such surface proteins, their biophysical properties, such as their mechanics and clustering in the cell membrane, remain poorly understood at the molecular level.
Cells can react to external cues by engaging signal transduction pathways, which detect environmental changes at the cell surface and trigger the appropriate intracellular responses. Frequently, these signaling pathways are initiated by sensor proteins that span the plasma membrane and ultimately trigger a change in gene expression and, consequently, in the cell's proteome (McIntosh et al., 2009; Rodicio and Heinisch, 2010) . Such sensor proteins either bind specific ligands (e.g. hormones, adhesion molecules, etc.) or detect mechanical forces and related physical stimuli. Hence, mechanosensing and mechanotransduction, which convert these mechanical forces into biochemical signals, have key roles in regulating processes such as cell growth, differentiation, cell shape and cell death (Schwartz, 2009; Vogel and Sheetz, 2006; Brown and Discher, 2009) .
Cell adhesion molecules also have key roles in mediating cellular processes such as cell-cell communication (Dalva et al., 2007) , tissue development (Morgan et al., 2007) , inflammation (Weber et al., 2007) , cancer (Gray-Owen and Blumberg, 2006) and microbial infection (Verstrepen et al., 2004; Kolter and Greenberg, 2006; Telford et al., 2006; Sokurenko et al., 2008) .
There is growing evidence that the force-induced deformation of such proteins has an important role in modulating their cellular function. Prominent examples of such processes are 'catch bonds', i.e. bonds between receptors and ligands that are strengthened by tensile mechanical force (Sokurenko et al., 2008) , as well as the force-induced exposure of cryptic peptide sequences, as observed in, for example, fibronectin and integrin (Vogel and Sheetz, 2006; Brown and Discher, 2009) .
Atomic force microscopy (AFM) makes it possible to observe, manipulate and explore the cell surface at a molecular resolution, and therefore has produced a wealth of new opportunities in cell biology, including understanding the nanoscale organization and dynamics of cell membranes and cell walls, measuring cell mechanics and cell adhesion, unraveling the molecular elasticity of cellular proteins and the mechanisms by which they assemble into nanodomains in the membrane (Müller and Dufrêne, 2011; Müller et al., 2009) . In this Commentary, we explain the basic principles of AFM, discuss current strategies for imaging live cells and for probing single functional proteins on their surfaces, provide a critical evaluation of the potential and limitations of the technique, and survey recent discoveries in cell surface biology that were driven by AFM. Although animal cell studies will be covered, we will especially focus on breakthroughs that have been made in yeast cell research, because this is where substantial progress in single-cell surface protein analysis has recently been made.
Atomic force microscopy

General principles
Instead of using an incident beam to visualize a sample -as would be the case in classical microscopy -AFM senses the small forces (in the piconewton range, ,10
212 N) that act on the surface of a sample (Binnig et al., 1986; Müller and Dufrêne, 2011; Müller et al., 2009 ). Images of molecules or cells in buffer or growth medium are made by scanning a sharp tip over the sample surface and measuring the interaction force between the tip and the surface (Fig. 1A) . The sample is mounted on a piezoelectric scanner, which ensures three-dimensional positioning with high accuracy. While the tip is being scanned across the sample in the x and y directions, the force between the tip and specimen can be recorded. The sharp tip is attached to a soft cantilever, and, as the cantilever bends, its deflection is detected by movement of a laser beam reflected from the tip. AFM topographic imaging is widely used in the life sciences, and has provided high-resolution images of biomolecules, membranes and cells in buffer at unprecedented resolution (Dufrêne, 2008a , Dufrêne, 2008b Engel and Gaub, 2008; Müller and Dufrêne, 2011; Müller et al., 2009) .
AFM is also widely used to manipulate and analyze single biomolecules with a method called single-molecule force spectroscopy (SMFS) (Hinterdorfer and Dufrêne, 2006; Engel and Gaub, 2008; Puchner and Gaub, 2009; Müller et al., 2009; Dufrêne et al., 2011) . Here, the tip is brought into proximity of and retracted from the biological sample, and the cantilever deflection measures the interaction force (Fig. 1B) . The forcedistance curves that are obtained with this procedure provide key insights into the localization, elasticity and binding strength of single molecules. As we will discuss below, the manipulation of single molecules on the surface of living cells often requires labeling the tip with chemical groups or bioligands using specific protocols (Fig. 1B) .
Imaging living cells with AFM
Soon after its invention, AFM became a valuable tool for imaging cells (Butt et al., 1990; Radmacher et al., 1992) . However, AFM imaging of single cells requires their firm attachment to a surface, which is not always a simple task. A straightforward approach is to exploit the ability of animal cells to spread and adhere to solid supports (Radmacher et al., 1992) . Coating the substrate with adhesion proteins might be used to enhance immobilization, and this method has made it possible to observe, for example, actin filament dynamics beneath the plasma membrane of glial cells (Henderson et al., 1992) . In some cases, chemical fixation using cross-linking agents such as glutaraldehyde might be required either to prevent cell damage or detachment from the support caused by the scanning tip, or as a means to obtain highresolution images ( Fig. 2A ). Using these different protocols, various cell types have been investigated, including macrophages, CV-1 kidney cells, fibroblasts, Madin-Darby canine kidney (MDCK) cells, platelets and cardiomyocytes ( Fig. 2A ; Dufrêne, 2011; Jena and Horber, 2002) .
In recent years, much progress has been made with regards to live-cell imaging of various microbes ( Fig. 2B ; Dufrêne, 2008b; Dufrêne, 2011) . In order to gain reliable high-resolution images of microbial cells, sample preparation is of crucial importance. Unlike animal cells, microbes have a well-defined shape and usually do not spread on surfaces under experimental conditions. As a result, the contact area between a cell and the support is very small, which often leads to cell detachment caused by the scanning tip. Therefore, several approaches have been developed to ensure more stable cell attachment (Dufrêne, 2008a) . For instance, it is possible to attach the cells onto supports that have been functionalized with either positively charged macromolecules, like poly-L-lysine or polyethylenimine, or with molecules containing hydrophobic groups. This method has been successfully applied to lactic acid and Gram-negative bacteria, diatoms and fungi, and has yielded new insights into surface structure and elasticity of these organisms. Cells can also be immobilized mechanically within gelatin-coated supports or captured in the holes of porous polymer membranes. In the latter approach, a concentrated cell suspension is driven through a porous membrane with a pore size similar to that of the cells to be investigated (Kasas and Ikai, 1995) (Fig. 2B ). This procedure is fairly simple and does not involve a macromolecular support, thus preventing the risk of contamination of the cell surface or the AFM tip.
Although AFM imaging offers key benefits over more conventional microscopy techniques, newcomers should be aware that the current technology is still limited by a number of problems that hamper its widespread use in cell biology (Box 1). Nonetheless, AFM can be employed to address a number of interesting cell biological questions, as we will discuss below.
Single-protein localization and manipulation
Unlike fluorescence microscopy, AFM topographic imaging lacks biochemical specificity (Table 1) . Thus, specific molecules, such as a given receptor, cannot be unambiguously identified and located on cell surfaces. This is an important limitation, because the organization and interactions of the cell surface machinery is an important parameter for controlling its functions. However, the use of spatially resolved SMFS with AFM tips that are labeled with specific chemical groups or ligands now enables the detection and localization of single functional proteins on cell surfaces (Hinterdorfer and Dufrêne, 2006) . The rationale behind this approach is to use SMFS to record arrays of force curves across the cell surface with a specifically labeled tip (Fig. 2C ), estimate the specific molecular recognition force value for each force curve and then display it in terms of pixels, where the pixel brightness reflects the magnitude of the recorded force (Fig. 2D ). The cell surface recognition map that can be obtained using this approach enables researchers to understand the distribution of a given receptor and to determine whether it is clustered or randomly distributed across the cell surface (Fig. 2D ). However, it should be 
Box 1. Advantages and limitations of AFM in cell biology
AFM shows distinct advantages over optical and electron microscopy techniques for cell surface biology (Table 1) , namely (1) the ability to observe purified membranes and live cells at nanometer resolution and under physiological conditions (e.g. in buffer solution at room temperature and atmospheric pressure), (2) the capability to track structural dynamics and remodeling of the cell surface in response to environmental stimulants (e.g. drugs), and (3) the possibility to determine the location of and force-probe single constituents of the cell surface. Despite these key benefits, there are still a number of limitations and technological issues that must be solved before the full potential of the technique to address cell biological questions can be exploited (Table 1) .
When observing cells using AFM topographic imaging, an important source of problems is the resolution and interpretation of the images, which directly depend on the imaging force, tip geometry and physical properties of the sample (Dufrê ne, 2008a). Large forces acting between tip and sample during imaging can dramatically reduce the image resolution and cause molecular damage or displacement ( Fig. 2A,B ). This is particularly true for soft corrugated mammalian cells, where the tip generally deforms the cell surface, pushes cellular material along the scanning direction and easily becomes blind owing to contamination by loosely bound macromolecules. Therefore, it is essential to control the force that is applied during scanning (0.1-0.5 nN) by selecting appropriate buffer conditions. In addition, unlike microbial cells, which can be readily imaged in their native state (Fig. 2B) , animal cells generally require chemical fixation in order to be imaged by AFM ( Fig. 2A) . The image resolution achieved with AFM on mammalian cells is generally not better than 50-100 nm. One approach to solve this problem is to use a nanopipette that does not contact the surface directly, which gives resolutions from live cells of ,20 nm (Novak et al., 2009) .
Another limitation of AFM imaging compared with fluorescence microscopy is its rather poor temporal resolution (typically ,1 minute per image), which is much slower than the time scale at which dynamic processes usually occur in cell biology. However, remarkable advances are being made in developing high-speed AFM set-ups that can operate in the millisecond timescale and thus offer new possibilities to explore cellular dynamics (Shibata, 2010) .
A crucial feature of SMFS is the functionalization of the AFM tips with biomolecules. This can be achieved using essentially two types of surface chemistries, which are based either on the strong chemisorption of thiols onto gold surfaces or on the covalent attachment of silanes or alcohols onto silicon oxide surfaces (reviewed by Hinterdorfer and Dufrê ne, 2006) . In addition, welldefined procedures are available to accurately measure the localization and forces of single proteins on live cells (Hinterdorfer and Dufrê ne, 2006) , but accurate data collection and interpretation often remain technically challenging. In this context, the main issues are those associated with the quality of the tip and its possible alteration during the course of an experiment. As with statistical validation, spatially resolved SMFS should be performed on different locations of the cell surface using different tips and the measurements should be repeated using many cells from independent cultures. Finally, an important drawback of AFM-based SMFS is that it probes cell surface biomolecules, but is unable to access the interior of living cells.
noted that, as is the case for cell imaging, single-protein analysis by SMFS is still a rather new method that suffers from a number of drawbacks (Box 1).
SMFS cannot only be used for mapping single protein molecules on a given cell surface, but can also be employed to subject cell surface proteins to force in order to study their mechanical properties (Fig. 2E) . Early studies have demonstrated that proteins can be subjected to controlled forces using this approach, and have yielded details of protein unfolding pathways (Rief et al., 1997) . Since then, single-molecule AFM, combined with molecular dynamics simulations and protein engineering, has greatly enhanced our understanding of the mechanical behavior of a great variety of proteins (Engel and Gaub, 2008; Puchner and Gaub, 2009; Li and Cao, 2010; Marszalek and Dufrêne, 2012) . Most of these single protein manipulation experiments have been conducted in vitro, where the system under study can be tightly controlled. However, this also means that molecules are removed from the native cellular context that controls their structural assembly and functional state . In the following section, we will highlight some recent breakthrough studies in which SMFS has been successfully used to unravel the nanomechanics and clustering of single proteins on the surface of living cells.
Measuring mechanics of single proteins
Nanomechanics of membrane sensors
The biophysical mechanisms underlying cellular mechanosensing are poorly understood at the molecular level. In cell wall integrity (CWI) sensing and signaling in yeast, five plasma-membranespanning proteins (Wsc1, Wsc2, Wsc3, Mid2 and Mtl1) presumably detect mechanical forces acting on the cell wall and membrane, and subsequently trigger an intracellular signaling cascade, which ultimately results in the expression of genes encoding either cell wall biosynthetic enzymes or cell wall proteins (Levin, 2005; Rodicio and Heinisch, 2010) . However, the lack of an appropriate probing technique meant that, until recently, it remained unclear how these membrane sensors responded to mechanical force.
SMFS studies with genetically manipulated Wsc1 in live Saccharomyces cerevisiae have recently unraveled the mechanical behavior of single sensor molecules in relation to their function Heinisch et al., 2010a) . Central to this discovery was the use of genetic manipulations to address a conceptual problem: AFM is a surface-based technique, so how can it probe protein sensors (such as Wsc1) that are embedded within the cell wall? The yeast cell wall has a thickness of ,100 nm (Backhaus et al., 2010) , whereas the maximal length of the extracellular part of the Wsc1 sensor is 86 nm, meaning it does not reach the outermost cell surface. Therefore, the mechanosensors were artificially elongated to a length of 153 nm by inserting a stiff serine/threonine-rich region from the Mid2 sensor. Furthermore, the addition of a histidine tag to the Nterminal end of the protein allowed the proteins to be detected by a AFM tip modified with Ni Only whole cell analyses are considered, i.e. purified proteins or membranes are not included. TIRF, total internal reflection fluorescence; PALM, photoactivated localization microscopy; STORM, stochastic optical reconstruction microscopy; TEM, transmission electron microscopy. Indirect; e.g. gold beads of different sizes. ). These nanospring properties, which contrast with the properties of most proteins (Rief et al., 1997; Marszalek and Dufrêne, 2012) , have subsequently been shown to be mediated by the extracellular serine/threonine-rich region of the sensor . Notably, this technology has also provided a tool for determining cell wall thickness in vivo in yeast, because sensor molecules of different lengths can only be detected once they reach the surface (Dupres et al., 2010) .
Accordingly, SMFS opens new avenues for investigating how proteins respond to forces in living cells and how mechanosensing events proceed in vivo, thereby providing new insights into what has been suggested to be one of the most ancient sensory mechanisms in evolution (Kee and Robinson, 2008 ). An exciting new development in this direction will be the combination of SMFS with fluorescence microscopy. Pulling on a sensor from the outside with SMFS should lead to the recruitment of the corresponding intracellular signaling components to the cytoplasmic tail of the sensor, which can subsequently be observed by fluorescence microscopy. We also anticipate that the single protein manipulations described here should allow researchers to address the mechanics of a variety of other membrane sensors that would usually be hidden and not accessible by AFM per se. For instance, mammalian cell sensors, such as integrins, are usually covered by a polysaccharide and protein matrix, the glycocalyx, which prevents reliable SMFS experiments. Elongation and tagging of such proteins should provide a means to solve this issue.
Nanomechanics of cell adhesion proteins
During the past 15 years, SMFS has been widely used to measure the molecular interactions of cell adhesion molecules, including selectins, cadherins, integrins, oligosaccharides, proteoglycans and microbial adhesins (see Hinterdorfer and Dufrêne, 2006; Müller and Dufrêne, 2011 , and references therein). Because these experiments were conducted on purified molecules, it is of great interest to probe single cell-adhesion proteins directly in living cells to further understand the interactions and functions of adhesion molecules in vivo.
Adhesion of the pathogen Candida albicans is mediated by cellsurface glycoproteins referred to as the Als family. Microscopic assays have revealed that Als-mediated adhesion involves an initial adhesion step, followed by force-induced protein conformational changes that result in the formation of strong amyloid-like bonds that can 'cement' the adhering cells together (Dranginis et al., 2007; Lipke et al., 2012) . Again, the molecular details of this mechanism remained essentially unknown. SMFS was therefore used to study the adhesive and mechanical properties of Als5 in live cells . Pulling on single Als5 proteins using a ligand-modified AFM tip has revealed characteristic force signatures with multiple well-defined peaks, with each peak corresponding to the force-induced unfolding of an individual tandem-repeat domain. AFM measurements also revealed that the unfolding probability increases with the number of repeats and correlates with the level of cell-cell adhesion, which confirms that the modular domains have a role in many fungal adhesion molecules. Presumably, the force-induced unfolding of Als proteins leads to extended conformations in which previously masked hydrophobic groups become exposed, thus favoring hydrophobic interactions between opposing cells. These singlemolecule measurements open up new avenues for understanding the mechanical properties of adhesion molecules in a variety of cell types. In particular, they should contribute to increasing our understanding of how force-induced conformational changes in proteins such as integrins modulate their binding strength (Vogel and Sheetz, 2006; Brown and Discher, 2009 ).
Imaging protein clustering
Understanding how membrane proteins assemble to form membrane micro-and nano-domains is another important question in cell biology. A key example of such clustering is the formation of adhesion domains (i.e. focal adhesion complexes) composed of aggregated proteins that mediate the early stage of adhesion (Vogel and Sheetz, 2006) . The small size (,10-500 nm) and dynamic nature of membrane domains make their direct visualization in live cells very challenging. However, AFM is emerging as a valuable tool to map the distribution of singleproteins on cell surfaces, thereby unraveling the formation and composition of such protein domains. Prominent examples include the mapping of the distribution of prostaglandin receptors on live CHO cells (Kim et al., 2006) , the localization of vascular endothelial cadherin-binding sites (Chtcheglova et al., 2007) , and the measurement of the organization and stiffness of neuron membrane domains containing glycosylphosphatidylinositol (GPI)-anchored proteins (Roduit et al., 2008) . As discussed below, functional protein clusters were recently found to form and increase in size under stress, thereby activating cell signaling and cell adhesion in yeasts.
Stress-induced clustering of membrane sensors
Fluorescence microscopy has shown that GFP-Wsc1 sensors form membrane patches, but the structure-function relationships of such clusters has long remained a mystery (Wilk et al., 2010) . To address this problem, spatially resolved SMFS was used to map the distribution of single Wsc1 sensors on the surface of live S. cerevisiae (Heinisch et al., 2010b) . Molecular recognition images were recorded on cells expressing His-tagged elongated sensors using Ni 2+ -NTA tips. Many sensor molecules appeared to form clusters of ,200 nm, which is in the range of the large patches observed by fluorescence microscopy for the microdomains containing the marker protein Can1 (MCC) in S. cerevisiae (Malinsky et al., 2010) . Both the surface density of Wsc1 sensors and their tendency to cluster increases when cells are stressed by heat or low osmolarity, which suggests that clustering is a stress response that is intimately connected to signaling.
An analysis of three different Wsc1 mutants has also indicated that the Wsc1 cysteine-rich domain has a crucial function in sensor clustering and signaling. Although mutant proteins display surface density and spring behaviors that are similar to those of wild-type Wsc1, they are more evenly distributed over the yeast cell surface, instead of being clustered. In addition, Wsc1 sensor clustering mediated by the cysteine-rich domain is dependent on the formation of disulfide bridges (Dupres et al., 2011) . As these mutant proteins produce non-functional sensors that are unable to activate the downstream signaling pathway, these findings demonstrate the importance of the cysteine-rich domain in sensor clustering and turnover (Heinisch et al., 2010b) . The studies also suggest that in yeast, like in higher eukaryotes, the function of sensors is coupled to their localized enrichment in membrane patches that are referred to as 'sensosomes'. We are confident that single-protein imaging by SMFS will be useful to study similar clustering of sensor proteins in mammalian cells, especially following the further development of high-speed SMFS mapping.
Force-induced clustering of cell adhesion proteins
A fascinating phenomenon that is portrayed by cell adhesion domains in mammalian cells is their ability to grow and strengthen under force (Bershadsky et al., 2006) . In Candida albicans, macroscopic assays have suggested that adhesiontriggered changes in the conformation of Als5 propagate around the cell surface, thereby forming ordered adhesion domains (Lipke et al., 2012) . This mechanism was recently experimentally confirmed by SMFS: mechanical force was shown to trigger the formation of cell adhesion nanodomains in living yeast cells (Alsteens et al., 2010) . Pulling on single adhesins was shown to induce the formation of adhesion domains of 100-500 nm in size, and these force-induced nano-domains propagate over the entire cell surface. Als5-mediated remodeling is independent of cellular metabolic activity, because the protein shows the same behavior in heat-killed cells, which are no longer metabolically active. Remarkably, a single-site mutation in the conserved amyloidforming sequence of the protein has revealed that amyloid interactions represent the driving force that underlies Als5 clustering (Garcia et al., 2011) . Hence, the strength of yeast cell-cell adhesion results from the force-induced amyloid-like clustering of hundreds of proteins on the cell surface to form arrays of ordered multimeric binding sites (Lipke et al., 2012) . These results highlight the role that functional amyloids can have in cell adhesion, both in lateral clustering (in cis) of many adhesion proteins to increase binding avidity, and in the potential to form stable amyloid-type bonds between cells (in trans), a mechanism that we expect to be detected in many more organisms as more cell adhesion systems are examined (Romero et al., 2010) . Interestingly, the above mechanical restructuring is reminiscent of shear-induced unfolding and refolding of proteins during blood clotting, where force induces the exposure of interaction sites in the blood glycoprotein von Willebrand factor (VWF), which has recently been demonstrated by single-molecule laser tweezer experiments (Kim et al., 2010) . Shear-induced bond strengthening, called 'catch bonding', is also crucial in arresting leukocyte rolling and extravasation (Alon and Dustin, 2007) . Clearly, as the SMFS technique further evolves and matures, it will contribute to the discovery of similar remarkable phenomena in many other cell surface proteins.
Conclusions
Understanding protein mechanics and protein clustering in vivo is a crucial challenge in cell biology, which, until now, has been difficult to tackle owing to the lack of high-resolution probing techniques. This Commentary has highlighted how the combination of single-molecule AFM with genetic manipulations is a powerful tool for probing functional receptors and sensors on cell surfaces, in a way that was not possible previously, and how this approach nicely complements other imaging techniques in cell biology (Table 1) . This integrated platform can be applied to measuring the mechanical properties of single proteins, and can be used to image their localization, thus revealing whether they are isolated or form clusters.
Despite the key benefits of AFM, researchers should realize that the technology is still under development and that there are still a number of limitations that must be solved in order for the technique to become more widespread in the cell biology community (Box 1). Clearly, a detailed understanding of the principles and limitations of the different AFM modalities is essential before users start their first experiments. In SMFS, protocols have been developed for attaching biomolecules to AFM tips but they still require specific expertise that is usually not found in cell biology laboratories. In the future, defining simple standardized protocols for tip functionalization and data interpretation, and automation of force spectroscopy analyses, making them readily available to the biology community, will contribute to make SMFS accessible for cell biologists.
Undoubtedly, the main limitation of both AFM imaging and spatially resolved SMFS in cell biology is their rather slow temporal resolution (Box 1). Hopefully, current efforts in developing high-speed AFM techniques should soon provide access to millisecond resolutions using live cells. Another important direction for future research is to expand the range of potential applications for single molecule analysis, by combining AFM with advanced light microscopy techniques, such as stimulated emission depletion microscopy (Hell, 2009) . Such combined imaging platforms would allow researchers to simultaneously identify, track, observe and force probe the individual constituents of the cell surface, thereby helping to answer many unresolved problems in cell biology. 
